The destruction of ozone layer due to the use of refrigerants is a matter of concern in the present world. This has been addressed through various platforms and several guidelines have been framed for their usage to prevent its further degradation. Since the existing chlorofluorocarbon (CFC) and hydrofluorocarbon (HCFC) refrigerants are at the verge of phasing out because of their higher environmental impacts, this has raised various questions about the systems which employ these refrigerants. One such question is: Will the existing systems work efficiently when the existing refrigerant is replaced by a viable environment friendly substitute? The present work makes an effort to answer this question.
Environmental impacts of refrigerants [1, 12, 13] 
Numerical modeling
The following assumptions were taken into account to perform the CFD simulations. 1.
The fluid flow was considered as steady.
2.
The solid surfaces were considered to be hydraulically smooth.
3.
Internal and external leakages were ignored.
The performance of a centrifugal compressor is usually expressed in terms of its total-total isentropic efficiency (   ) given by: 
Also, the overall performance of a turbo chiller unit can be expressed in terms of Coefficient of Performance (COP) which is given by:
where, Q and W denote the heat transfer from chilled water in the evaporator and work required to drive the compressor, respectively. The governing equations of fluid flow like the continuity, momentum along with equation of state were solved using commercial computational fluid dynamics (CFD) tool ANSYS CFX ® v16.1. It uses finite volume approach to solve these equations. Three-dimensional (3-D) models of first and second stages were created in Blade-Gen and meshed using Turbo-Grid as shown in Figs. 1 and 2 . In order to predict accurately the complex nature of flow, a non-uniform grid was used and the near wall region was meshed appropriately to capture the boundary layer effects. Initially a coarse grid of approximately 2.1 million nodes was used and subsequently the grid size was increased until the solution was grid independent as shown in Fig. 3 . Grids beyond 3.25 million nodes showed no significant change in the performance parameters and hence grids with 3.25 million nodes were subsequently used for further calculations. The advection and turbulence terms in the governing equations were discretized using higher resolution schemes.
The effects of various turbulence models like the standard k-, RNG k-, standard k- and k- shear stress transport (SST) models were compared and it was observed that the results of k- SST model were in close agreement (relative error of 0.065%) with the experimental results as compared to others as shown in Fig. 4 . Consequently, this model was used for subsequent simulations. The use of k- SST model gives reasonably accurate results for CFD analysis of fluid machinery [14] [15] [16] [17] [18] . An intercooler exits between the first and the second stage. The fluid leaving the first stage passes through the intercooler before entering the second stage. It was assumed that except for the pressure, temperature and flow rates, there will be no other significant effect due to the presence of the intercooler. Hence the first and second stage calculations were performed individually. The pressure, temperature and flow rates at the inlet of the second stage were modified considering the intercooler effect. Inlets of both the stages were assigned mass flow rate boundary condition and static pressure was specified at the outlets. To reduce the computational cost and time, periodic boundary condition was employed and simulations were performed on a smaller fraction of the complete domain. The solid surfaces were considered to be hydraulically smooth with no-slip and adiabatic condition. The simulations were iterated until the residues of each term dropped below 10 -5 and the mass imbalance was less than 0.01. The fluid properties were derived from commercial tool REFPROP ® [17] . 
Results and discussion
A turbo chiller is mostly designed to operate at its full load condition as its best efficiency is obtained at this condition. The results obtained from the CFD analysis of centrifugal compressor using R134a at full load conditions were validated against the experimental results as shown in Fig. 5 . A good agreement was obtained between the numerical and experimental results. The relative errors in pressure prediction for I and II stage were 0.065% and 3.19% respectively and 1.69% and 0.44% respectively in temperature prediction. This established the correctness of the used numerical scheme.
The same methodology was applied for other refrigerants keeping the volumetric flow rates and rotational speed of the compressor constant. The measured performances were compared with R134a as shown in Fig. 6 . It can be seen that the efficiency of the existing system reduced with a change in the working fluid. The efficiencies of both the stages with R134a were greater than the other two refrigerants. Particularly, the efficiencies of the first stage were slightly lower than the second stage for all the refrigerants. The relative reduction in I and II stage efficiency for R1234ze as compared to R134a was 1.11% and 1.08% respectively and 2.78% and 2.16% respectively for R1233zd. An insight in the internal flow field revealed that the separation and recirculation of fluid in the vanned return channel and the tip leakage through the impeller contributed to the drop in the efficiencies in the first stage. As shown in Fig. 7 , there was increased separation and recirculation of fluid for R1233zd as compared to other two refrigerants. This was due to the fact that R1233zd is significantly lighter than the other two refrigerants as shown in Table 2 . It could not follow the vanned passage due to greater thickness at the mid-section and hence got separated. The separation started at the leading edge of the hub span and subsequently it spread to the entire vane span. Also, as shown in Fig. 8 , there was acceleration of flow from hub to shroud at the impeller blade. The acceleration was more pronounced near the leading edge of the shroud span with R1234zd and R1233ze as compared to R134a. Hence, it can be deduced that there will be more tip leakage losses for R1234zd and R1233ze as compared to R134a and hence lesser efficiencies, as shown in Fig. 9 . The major losses associated with the second stage were the tip leakage losses at the impeller blade and pressure recovery losses in the volute. It could be seen in Fig. 10 that the flow was slightly more disturbed at the trailing edge near the shroud span of the second impeller for R1233zd as compared to others. Hence, the tendency for the flow to leak from the clearance near the trailing edge was greater for R1233zd and hence slightly more losses. Turbulence kinetic energy (TKE) is the measure of the energy associated with turbulent eddies. Greater is the TKE value; greater is the turbulence in the flow, which is then dissipated in the form of heat and frictional losses. It could be seen from TKE contours at a sectional plane in the volute as shown in Fig. 11 that the value of TKE was greater for R1233zd as compared to the other two refrigerants. This has caused greater frictional losses and hence decelerated the flow as shown by the Mach numbers contours in Fig. 12 , thereby causing the static pressure recovery losses in the volute.
Fig. 5 Validation results

Fig. 6 Comparison of efficiency
Also, owing to the lower density and specific heat values compared to R134a as shown in Table 2 , the COP of the chiller unit dropped as shown in Fig. 13 . The COP of the chiller is a function of compressor work and the heat transfer in the evaporator given by Eq. (2). Since, R1233zd is lighter than the other two refrigerants; it can be easily compressed with lesser compressor work. This serves as an advantage in increasing the COP. But, due to its lower density, its mass flow rate will also be significantly lower. The heat transfer rate in the evaporator is a function of refrigerant's mass flow rate and specific heat. For R1233zd, both these parameters are lower compared to the other refrigerants. Hence the COP of the chiller decreased with the change in the working fluid. The relative reduction in COP for R1234ze as compared with R134a was 6% and 17.17 % for R1233zd.
Conclusion
From the above discussion, it can be concluded that although refrigerant R1233zd is a viable substitute for the existing refrigerant R134a due to its least environmental impacts as compared to the other two refrigerants, but the overall performance of the compressor and the chiller was least with it as a working fluid. This is mainly due to the flow losses causing more than 2% drop in efficiency and fluid properties (lower density and specific heats) resulting in 17.17% reduction in COP. The performance with R1234ze was at an intermittent level. Hence, the existing compressor design for R134a cannot be used as it is for other refrigerants. It needs to be either optimized for a given fluid to reduce the flow losses and accommodate the additional mass flow rate or redesigned for the specified condition in order to deliver the desired output and perform satisfactorily. 
